aldosterone synthase; 3=-untranslated region; single nucleotide polymorphism; miRNA; Cyp11b2; rs28491316; hypertension; blood pressure regulation HYPERTENSION IS A SERIOUS risk factor for myocardial infarction, heart failure, vascular disease, stroke, and renal failure (10) . Hypertension affects 50 million Americans with a prevalence rate of 25-30% in the adult Caucasian population and 1 billion people world-wide (14) . The incidence of hypertension and complications due to hypertension is even greater in the African-American population (12) . It has been shown that lowering blood pressure has a beneficial effect on the severity of other associated cardiovascular diseases (24) . Like other complex diseases, hypertension is caused by the interplay of genetic and environmental factors. However, the molecular mechanisms involved in the pathophysiology of hypertension are not clear (5, 6) . In this regard, the renin-angiotensin-aldosterone system plays an important role in the regulation of blood pressure (13, 18, 19) . The octapeptide angiotensin II (ANG II) is one of the most potent vasopressor agents and is obtained by the proteolytic cleavage of a larger precursor molecule, angiotensinogen, by renin and angiotensin converting enzyme (7) . ANG II acts on the vascular smooth muscle cells to cause vasoconstriction and on the adrenal ZG cells to stimulate aldosterone production. Up to 15% of patients with essential hypertension (22, 28, 34) and 22% of patients with resistant hypertension (2) have an inappropriate excess of aldosterone that leads to an increase in age-related blood pressure and cardiovascular risks. Studies from the Framingham cohort have shown that patients with aldosterone values within the top quartile of the population have a steeper blood pressure rise over a 5 yr period than patients with aldosterone values in the bottom quartile; subjects with aldosterone values between these extremes showed an intermediate rise in blood pressure (9, 33) .
Aldosterone synthase, the rate-limiting enzyme in the biosynthesis of aldosterone, is encoded by the Cyp11B2 gene. This gene is expressed mainly in adrenal cortex and to some extent in kidney, brain, and adipose tissue. Makhanova et al. (20) have generated transgenic mice (AS hi/hi ) that have increased expression of the Cyp11B2 gene. Their experiments show that a modest increase in Cyp11B2 expression did not affect blood pressure in animals fed a normal-salt diet but did make their blood pressure sensitive to high salt and to ANG II infusions on an increased salt diet. These data, together with their previous finding that a decreased level of Cyp11B2 decreases blood pressure in mice on a low-salt diet (21) , suggest that Cyp11B2 is a relevant candidate to understand the role of genetics in hypertension. Earlier studies have shown that human Cyp11B2 gene has a T/C polymorphism at Ϫ344 positions and Ϫ344T allele is associated with hypertension (4, 29) . The human Cyp11B2 gene also has an A/G polymorphism at 735 position in its 3=-untranslated region (UTR), which is in linkage disequilibrium with the single nucleotide polymorphism (SNP) at Ϫ344. The role of the A/G polymorphism in the 3=-UTR region of the expression of Cyp11B2 gene is not known.
MicroRNAs (miRNAs) are endogenously synthesized short noncoding RNAs of about 20 -22 nucleotides that have been shown to play an important role in modulating mammalian gene expression and regulate several key biological functions (15) (16) (17) . miRNAs normally inhibit the expression of their target genes via posttranscriptional mechanisms (1, 3) . It is estimated that there are over 1,000 human miRNAs and that the expression of about 60% of the human protein coding genes can be downregulated by miRNAs. SNPs in the 3=-UTR may create, destroy, or modify the efficiency of miRNA binding to the 3=-UTR of a gene and may modulate its expression (30) . The human Cyp11B2 gene has an A/G polymorphism at 735 position in its 3=-UTR. We show here that microRNA (miR)-766 regulates the expression of hCyp11B2 gene by differentially binding to this polymorphic site.
MATERIALS AND METHODS
Cell culture. Human adrenocortical carcinoma cells (H295R) were routinely cultured as monolayers and maintained in 100 mm tissue culture dishes with "complete media" containing a basal 1:1 mixture of Dulbecco's modified Eagle's and Ham's F12 (DMEM/F12, GibcoInvitrogen) media, supplemented with 2.5% Nu-Serum IV (BD Biosciences), 1% ITS ϩ Premix (6.25 g/ml insulin, 6.25 g/ml transferrin, 6.25 ng/ml selenium, 1.25 mg/ml bovine serum albumin, 5.35 g/ml linoleic acid; BD Biosciences), and 0.5% antibiotics (100 U/ml penicillin and 100 g/ml streptomycin mix, Gibco-Invitrogen). HEK293 cells, purchased from American Type Culture Collection (Manassas, VA), were grown as a monolayer in DMEM supplemented with 10% fetal bovine serum (BenchMark cat. #100-106), 100 units/ml penicillin, and 100 g/ml streptomycin in a humidified atmosphere of 95% air and 5% CO2 at 37°C in an incubator.
Luciferase reporter constructs. The 3=-UTR of the human aldosterone synthase (hCyp11B2) gene containing the 735G-allele was PCR-amplified from the human BAC (RP11-304E16) clone using forward 5=-GGA CTA GTA GAC GAT CTT GCT GGC A-3= and reverse 5=-cga cgc gta ttt ttc caa ggt tta t-3= primers. These primers amplify the 201-1420 region of the 3=-UTR of the hCyp11B2 gene. The forward primer contains a Spe1 restriction site at the 5=-end, and the reverse primer contains a Mlu1 restriction site at its 3=-end for cloning purpose. The amplified product was treated with restriction enzymes Spe1 and Mlu1 and was directionally cloned in to the multiple cloning site of pMIR-REPORT miRNA expression reporter vector system (Life Technologies). This vector contains the firefly luciferase gene under the control of a mammalian CMV promoter/ terminator system and miRNA target-cloning region downstream of the luciferase coding sequence. Plasmid DNA was isolated from recombinant colonies and sequenced to ensure the authenticity and designated as hCyp11B2-pMIR/Luc-735G.
The hCyp11B2-pMIR/Luc-735G plasmid was used as a template to mutate the 735G-allele to the 735A-allele using the QuikChange Lightning Site-Directed Mutagenesis (Agilent Technologies) kit and designated as hCyp11B2-pMIR/Luc-735A. For site-specific mutagenesis, we used forward mutagenic primer (5=-gctgtcccctggaa aaggtcccgagga-3=) and a complementary reverse mutagenic primer (5=-tcctcgggaccttttccaggggacagc-3=) in PCR as per the manufacturer's recommendation. Following PCR, the product was treated with DpnI endonuclease to digest the parental DNA and leaving intact the mutated plasmid DNA. The mutation, 735A, was confirmed by dideoxy-chain termination sequencing. Finally, transformed bacterial cultures were grown, and the reporter constructs were purified by using of a Hi speed Plasmid Medi Kit (Qiagen).
Transfection and luciferase assay. The H295R and HEK293 cells were seeded at 8 ϫ 10 4 cells/well in 12-well plates containing 1 ml of complete medium. All the transfections were optimized and performed using siPORT NeoFx transfection reagent (Ambion) as per the manufacturer's recommendations. In brief, 1.5 l of NeoFX transfection reagent was mixed with 48.5 l OptiMEM (Invitrogen, 11058021), and the mixture was incubated at room temperature for 10 min. miR-766 mimics or its inhibitors (Ambion) (50 nM) were diluted in 50 l of OptiMEM and then added into the NeoFX transfection agent. The final mixture was incubated at room temperature for another 10 min and used for transfection. A mutated miR-766 mimic was purchased from Ambion and used as a negative control. Mock transfections were performed in the absence of additional miRNA mimics. The cotransfection experiments were performed with 100 ng of pMIR/Luc reporter constructs. The pMIR-REPORT ␤-galactosidase reporter control vector was used to normalize the transfection efficiency. After 48 h of incubation, the cells were washed with 1ϫ ice-cold PBS, and the luciferase and ␤-galactosidase activities were determined by Dual-Light Luciferase & ␤-galactosidase Reporter Gene Assay System (Life Technologies) as per the manufacturer recommendations.
Real-time PCR. Total RNA was isolated from miRNA transfected cells with RNeasy Plus minikit (Qiagen). One microgram of RNA was reverse-transcribed into cDNA using a first-strand cDNA synthesis kit (Fermentas). Quantitative real-time RT-PCR was performed using Power SYBR Green PCR Master Mix (Applied Biosystems) and Applied Biosystems thermocycler (7500 Fast Real-Time PCR System). Primers for human Cyp11B2 (PPH01239F) and human GAPDH (PPH00150E) were purchased from SuperArray Bioscience Following 95°C incubation for 10 min; 40 cycles of PCR (95°C for 30 s, 60°C for 30 s) were then performed using 2 l of cDNA, 50 nM PCR primers, and 12.5 l of SYBR Green PCR Master Mix in 25 l reactions. Threshold cycles for three replicate reactions were determined, and relative hCyp11B2 gene expression was calculated following normalization with human GAPDH.
miR-766 expression analysis. The miRNA from H295R human adrenocortical cells was extracted using the mirVana miRNA isolation kit (Ambion). miR-766 quantification was performed using the mirVana quantitative RT-PCR miRNA detection kit (Ambion), as per the manufacturer's recommendations, using the ABI 7500 Fast RealTime PCR System thermocycler (Applied Biosystems). In brief, total RNA of 20 ng was reverse-transcribed using a TaqMan reverse transcription kit (Applied Biosystems) followed by quantitative PCR performed using TaqMan qPCR assays for miR-766 and U6 snoRNA (Applied Biosystems). The real-time PCR Reaction conditions were 3 min at 94°C followed by 50 cycles of 15 s at 94°C and 30 s at 60°C. Real-time data were obtained during the extension phase, and threshold cycle values were obtained at the log phase of each gene amplification. miRNA-specific signals were normalized using U6 RNA levels. The specificity of the PCR products was confirmed by melting temperature determination of the PCR product and high-resolution electrophoretic analysis in 4% NuSieve 3:1 agarose gels (Cambrex, Rockland, ME) of PCR products.
Immunoblot. The cell lysates from miRNA-transfected cells were prepared using the Qproteome Mammalian Protein Prep Kit (Qiagen) as per the manufacturer's recommendations. Lysates were cleared by centrifugation, and a total of 30 g/well protein was resolved by 10% SDS-PAGE and then was electro-blotted onto a polyvinylidene difluoride membrane. The membranes were blocked for 1 h in Odyssey blocking buffer, followed by an overnight incubation at 4°C with 1:2,000 dilution of hCyp11B2 polyclonal antibody raised in goat (Santa Cruz, sc-47655) and then with a 1:10,000 dilution of secondary antibody conjugated with IRDye800 or IRDye700 at room temperature for 60 min, protected from light, along with gentle shaking. The blots were visualized using an Odyssey Imaging System (LI-COR) and were subjected to quantitative analyses using ImageJ. The results were averaged and normalized with ␤-actin.
Statistical analysis. All data are expressed as means ϩ SD of at least three independent experiments. Statistical analyses were performed with one-way ANOVA and Tukey-Kramer post hoc analysis. The data were in normal distribution and were checked by the D'Agostino-Pearson omnibus test using GraphPad Prism. Values of P Ͻ 0.05 were considered significant.
RESULTS
Human aldosterone synthase ϩ735 G/A polymorphism (rs28491316) occurs in the miR-766 binding site. The 3=-UTR of the human aldosterone synthase (hCyp11B2) gene contains a G/A polymorphism at the ϩ735 (rs28491316) site. Since miRNAs may bind to nucleotide sequence located in the 3=-UTR of a gene and modulate its expression by posttranscriptional or posttranslational mechanism, we were interested in finding whether any miRNA binds to this region of the hCyp11B2 gene and modulates its expression. TargetScan (Fig. 1A) and Miranda (Fig. 1B) analysis revealed that a SNP at ϩ735 of the hCyp11B2 gene is located in the seed binding sequence of miR-766. This analysis also suggests that the miR-766 has an additional binding site at the 196 -203 in the 3=-UTR of the hCyp11B2 gene (Fig. 1D ). Computational modeling shows that the nucleotide sequence of the hCyp11B2 gene containing the 735G-allele has perfect Watson-Crick base pairing with miR-766 seed sequence. On the other hand, the presence of the 735A-allele leads to a destabilization of the Watson-Crick base pairing with the seed sequence. Additionally, using 1000 Genomes analysis, we have ascertained that ϩ735A is the minor allele with a frequency of 0.336, whereas ϩ735G is the major allele with a frequency of 0.664.
Transient transfection of miR-766 reduces the luciferase activity of 3=-UTR of hCyp11B2 gene containing ϩ735G-allele compared with ϩ735A-allele in HEK293 cells. To test the hypothesis that miR-766 may regulate the expression of the hCyp11B2 gene, we cloned the nucleotide sequence located between 201 and 1420 of 3=-UTR of the hCyp11B2 gene (containing either ϩ735G-allele or 735A-allele) in an expression vector immediately downstream from the firefly luciferase-coding region. The resulting plasmid constructs were designated as hCyp11B2-pMIR/Luc-735G (containing ϩ735G-allele) and hCyp11B2-pMIR/Luc-735A (containing ϩ735A-allele). To test the effect of miR-766 on the luciferase gene expression, either hCyp11B2-pMIR/Luc-735G or hCyp11B2-pMIR/Luc-735A was cotransfected in HEK293 cells, along with miR-766, and luciferase activity was determined 48 h posttransfection. Control experiments were conducted in the absence of miRNA (mock) or in the presence of mutated miRNA. HEK293 cells are ideal for these experiments because of their ease of transfection and lack of the hCyp11B2 gene. Initial experiments were performed in the presence of 10, 20, 50, and 100 nM miRNA, and since 50 nM miRNA gave the optimum result, this concentration was used in all future experiments. As shown in Fig. 2 , luciferase activity remained unchanged in the absence of miRNA (mock) or in the presence of mutated miRNA. On the other hand, luciferase activity of the reporter construct containing the ϩ735G-allele was downregulated by about 65% in the presence of miR-766. However, transfection of miR-766 had no effect on the luciferase activity of reporter construct containing the ϩ735A-allele of the hCyp11B2 gene. These results suggest that the G/A polymorphism at the ϩ735 site of the hCYP11B2 gene has the potential to downregulate its expression in a miRNA-dependent manner.
Since the above experiments suggested that miR-766 binds to ϩ735G-allele and downregulates the expression of luciferase gene, we argued that anti-miRNAs should relieve this miRNA-induced downregulation. We therefore examined the effect of anti-miR-766 (antagomir) in the presence of miR-766 by measuring the luciferase activity. Complementary experiments show that 50 nM anti-miR-766 relieves the miR-766-induced downregulation of luciferase activity (Fig. 2) . Thus, miR-766-induced downregulation of the luciferase gene is completely attenuated when 50 nM antagomir of miR-766 is used in transient transfection in HEK293 cells.
Transient transfection of miR-766 reduces the luciferase activity of 3=-UTR of hCyp11B2 gene containing ϩ735G-allele compared with ϩ735A-allele in H295R cells. We next performed a luciferase assay by transient transfection of the above-mentioned reporter constructs in human adrenocortical cells (H295R) since these cells are known to express hCyp11B2 gene. Results of this experiment show that luciferase expression remained the same in the absence of miRNA or presence of mutated miRNA when reporter construct containing the ϩ735G-allele was used (Fig. 3) . On the other hand, luciferase expression was downregulated by about 50% in the presence of miR-766 in H295R cells when reporter construct containing the ϩ735G-allele was used in transient transfection (Fig. 3) . Cotransfection of the antagomir of miR-766 relieved the downregulation of the luciferase activity in H295R cells, as described above for HEK293 cells (Fig. 2) . There was no significant effect of miR-766 or anti-miR-766 on the luciferase activity when reporter construct containing the ϩ735A-allele was used in transfection experiments (Fig. 3) . Taken together, results of these experiments show that miR-766 binds to the ϩ735G-allele of the hCyp11B2 gene and downregulates luciferase gene expression either in human kidney or in human adrenocortical cells. 
miR-766 reduces hCyp11B2 mRNA level in human adrenocortical (H295R) cells.
Since the above-mentioned experiments suggested that miR-766 selectively binds to ϩ735G-allele in the reporter construct containing 3=-UTR of the hCyp11B2 gene and downregulates luciferase expression, we next wanted to examine whether this miRNA reduces the hCyp11B2 mRNA level in human adrenocortical cells. Before performing this experiment, we determined the nucleotide sequence of 3=-UTR of the hCyp11B2 gene in H295R cells. H295R cells have the ϩ735G-allele of the hCyp11B2 gene (data not shown). Therefore, we transfected these cells with the mock miRNA, mutated-miRNA-766, and miRNA-766. It is important to note that this transfection was made necessary by our inability to detect endogenous miRNA-766 expression in this cell line. Quantitative RT-PCR was performed to analyze hCYP11B2 expression in these settings. As shown in Fig. 4 , hCyp11B2 mRNA levels remained same in the absence of miRNA (mock) or presence of mut-miRNA in H295R cells. However, hCyp11B2 mRNA level was reduced by 25% in the presence of 50 nm miR-766 (Fig. 4) . One possible reason for this modest reduction in the mRNA level may be that miR-766 has already downregulated the Cyp11B2 mRNA level in H295R cells, since these cells have the ϩ735G-allele.
hCYP11B2 expression, in the absence or presence of the miR-766, was confirmed by immunoblotting. As shown in Fig.  5 , the aldosterone synthase protein level remained the same when H295R cells were transfected with either the mock miRNA or the mutated miR-766. On the other hand the hCYP11B2 protein level was significantly reduced (P Ͻ 0.05) in the presence of miR-766.
DISCUSSION
Hypertension is a complex disease with multiple pathophysiological processes on a backdrop of genetic predisposition. Interindividual variation of blood pressure, up to 45%, can be accounted for by differences in genes regulating the physiological processes governing blood pressure. In this regard, association studies have linked CYP11B2 polymorphisms to human hypertension and cardiovascular diseases (2, 28, 34) . In the first key finding of the study, we have identified a G/A polymorphism at ϩ735 in the 3=-UTR of the hCyp11B2 gene (rs28491316) that alters its binding to a particular miRNA. miRNAs are small, noncoding, regulatory RNAs that alter gene expression by transcriptional or posttranscriptional regulation. In silico alignment of the hCyp11B2 3=-UTR sequence by Target . After 48 h of transfection, cell extract was subjected to SDS-PAGE followed by Western blot analysis using anti-human Cyp11B2 antibody or anti-␤-actin antibody. B: hCyp11B2 protein level of each band was measured and normalized to ␤-actin levels. The downregulation of hCyp11B2 protein after transfection with miR-766 was calculated from 3 independent experiments. *P Ͻ 0.05.
ϩ735G-allele has a perfect Watson-Crick base pair complementary seed sequence of miR-766. On the other hand, if the hCyp11B2 gene has the ϩ735A-allele in its 3=-UTR region, the seed sequence is interrupted, resulting in a thermodynamically less stable complex. As a result, expression of the ϩ735G-allele of the hCyp11B2 gene should be downregulated by posttranscriptional modification of this gene by miR-766. On the other hand, expression of the ϩ735A-allele of the hCyp11B2 gene should not be affected by this miRNA due to a mismatch in the seed sequence. In support of this hypothesis, we show that transfection of miR-766 reduces the human aldosterone synthase mRNA levels in human adrenocortical (H295R) cells. The second key finding of the study is the negative regulatory effect of the miR-766 on hCYP11B2 expression. The transient transfection experiments allude to increased miRNA binding to the 735G-allele of hCyp11B2 gene in H295R cells. These cells contain the ϩ735G allele of the hCYP11B2 and show significant downregulation of this gene when exposed to miR-766. It is noteworthy that decreased CYP11B2 expression is observed at both mRNA and protein expression level. This suggests that the miR-766 binding to the ϩ735 allele of the hCYP11B2 attenuates the mRNA bioavailability of the gene.
Earlier studies have also shown that the Ϫ344T allele located in the 5=-UTR of hCyp11B2 gene is associated with human hypertension (23, 27, 31) . Aldosterone is the key regulator of sodium balance via activation of the mineralocorticoid receptors in the principal cells of the cortical collecting tubule. Chronically elevated aldosterone induces cardiac hypertrophy and fibrosis; causes vascular remodeling, including perivascular fibrosis and reduced arterial distensibility; and increases the activity of cellular oxidases and precipitates redox imbalance (11, 25, 26) . Complementary clinical studies have demonstrated favorable outcomes in patients with cardiovascular diseases being treated with aldosterone antagonists (SAVE, CONSENSUS). Certain Caucasian and South Asian populations are at an increased risk for salt-sensitive hypertension, and these are the cohorts where Ϫ344T has been observed to be associated with high blood pressure (8, 32) . We have recently determined (unpublished data) that in transgenic mice the Ϫ344T allele leads to increased expression of hCYP11B2 and elevated plasma aldosterone levels. Interestingly, this allele is in linkage disequilibrium with the 735G allele located in the 3=-UTR of the hCyp11B2 gene. Studies presented here show that miR-766 binds to the ϩ735G allele of the hCyp11B2 gene and reduces its mRNA and protein levels in H295R cells. Thus, we are tempted to propose that miR-766 may reduce the expression of hCyp11B2 gene and reduce blood pressure in human subjects containing the Ϫ344T allele of this gene. Although aldosterone inhibitors are available to reduce blood pressure, these inhibitors have major side effects. If one can find safe and effective ways to administer miRNAs then they may have useful therapeutic value.
In conclusion, we have identified a novel polymorphism in the 3=-UTR of hCYP11B2 gene that is in linkage disequilibrium with another polymorphism in the 5=-UTR that in turn is associated with hypertension. The polymorphism at the ϩ735 site promotes miR-766-mediated posttranscriptional suppression of the ϩ735G-hCYP11b2 gene. Thus, in patients with the Ϫ344T allele of hCYP11B2, who are at increased risk of hypertension, miR-766 could provide therapeutic alternatives by preventing an increase in aldosterone levels.
